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[1] Using numerical models that couple surface processes, flexural isostasy, faulting and
the thermal effects of rifting, we show that fault-bounded escarpments created at rift flanks
by mechanical unloading and flexural rebound have little potential to “survive” as
retreating escarpments if the lower crust under the rift flank is substantially stretched.
In this configuration, a drainage divide that persists through time appears landward of the
initial escarpment in a position close to a secondary bulge that is created during the
rifting event at a distance that depends on the flexural rigidity of the upper crust. Moreover,
the migration of the escarpment to the secondary bulge occurs when the pre-rift topography
dips landward, otherwise the evolution of the escarpment is guided by the pre-existing
inland drainage divide. To illustrate this new mechanism for the evolution of passive
margins, we study the examples of Southeastern Australia and Southeastern Brazil. We
propose that a pre-existing inland drainage divide with rift related flank uplift can produce
the double drainage divide observed in Southeastern Australia. On the other hand, we
conclude that it is possible that the Serra do Mar escarpments on the Southeastern Brazilian
margin originated as a secondary flexural bulge during rifting that persisted through time.
In both cases, the retreating escarpment scenario is unlikely and the present-day margin
morphology can be explained as resulting from rift-related vertical motions alone, without
requiring significant post-rift “rejuvenation”.
Citation: Sacek, V., J. Braun, and P. van der Beek (2012), The influence of rifting on escarpment migration on high elevation
passive continental margins, J. Geophys. Res., 117, B04407, doi:10.1029/2011JB008547.
1. Introduction
[2] Many rifted margins around the world are flanked by
great escarpments, i.e., up to 1500-m high topographic steps
subparallel to the coast that separate high-elevation conti-
nental interior plateaux from low-elevation coastal regions.
These escarpments are observed along both young and old
rifted margins (e.g., the Red Sea escarpment bordering a
30-25 Ma continental margin; the Serra do Mar escarpment
along the 140–130 Ma Southeastern Brazilian margin; and
the Great Escarpment of Southeastern Australia escarpment
where rifting occurred at 100–80 Ma).
[3] Many authors have demonstrated that the evolution
and persistence of these escarpments through geological
time is the result of the combined effect of erosion and the
flexural isostatic response of the lithosphere to stretching
and rifting [Braun and Beaumont, 1989; Gilchrist and
Summerfield, 1990; Kooi and Beaumont, 1994; Tucker and
Slingerland, 1994]. Although these mechanisms success-
fully explain the persistence of escarpments, their post-rift
evolution remains controversial [Braun and van der Beek,
2004], as different initial conditions for the margin may
result in very different denudation histories, while leading to
similar present-day morphologies [Gilchrist et al., 1994;
Gallagher and Brown, 1999; Braun and van der Beek,
2004]. Moreover, many geomorphologists remain con-
vinced that high-elevation rifted margins require some form
of post-rift reactivation [e.g., Partridge and Maud, 1987;
Ollier and Pain, 1994; Japsen et al., 2006; Burke and
Gunnell, 2008]. Finally, topographic patterns may be com-
plicated by local structural and/or lithological controls [e.g.,
van der Beek et al., 2001; Gunnell and Harbor, 2010].
[4] Gilchrist et al. [1994], Kooi and Beaumont [1994] and
van der Beek et al. [2002] demonstrated the importance of
the position of a preexisting drainage divide on the evolution
of the escarpment, highlighting two possible denudation
scenarios: the escarpment-retreat scenario, where the origi-
nal escarpment is the main drainage divide after rifting; and
the plateau-degradation scenario, where the initial drainage
divide is located some distance inland of the margin. In the
first scenario, the escarpment retreats continuously landward
from an initial location close to the continental margin and
remains the divide during the post-breakup evolution, as the
headwaters of the seaward-draining rivers cut back into the
plateau at the escarpment top. In contrast, in the second
scenario, the inland drainage divide remains stationary while
the original escarpment, near the coast, is eroded away and is
progressively replaced by an escarpment pinned at the pre-
existing inland divide.
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[5] In the above models, it was assumed that the existence
and location of a preexisting inland divide are set by external
factors; i.e., the initial topography is a relict from previous
tectonic, magmatic or geomorphic events, unrelated to the
rifting process. These results were based on landscape-
evolution models that do not take the development of off-
shore basins and the kinematics associated with rifting and
breakup into account. Other models [e.g., Pazzaglia and
Gardner, 1994; van Balen et al., 1995] simulated the post-
rift evolution of margins to study the interaction of onshore
and offshore processes, considering the flexural response of
the lithosphere to erosion and deposition. More qualitative
models have also been proposed to explain the formation of
an inland drainage divide in response to underplating during
rifting, resulting in crustal thickening and uplift of the
topography [e.g., Lister et al., 1986; Lister and Etheridge,
1989]. More recent thermo-dynamic modeling has shown
that this style of rifting is feasible [Huismans and Beaumont,
2003].
[6] In this work we present the results of a new numerical
model for the evolution of rifted margins that combines
surface processes, flexural isostasy and the kinematic effects
of both faulting of the upper crust and stretching of the
lithosphere. The novelty of our approach is that it combines
the effects of these processes to predict the evolution of the
margin’s morphology since the onset of extension. We show
that even when the initial drainage divide is close to the
margin, the effect of crustal thinning and the subsequent
thermal subsidence of the margin naturally creates a sec-
ondary drainage divide in an inland position, the location of
which essentially depends on the flexural rigidity of the crust
and lithosphere. Under some circumstances, the system may
evolve in such a way that the final escarpment position
coincides with the secondary divide, similar to the plateau
degradation scenario mentioned above. We apply our model
to two case studies on the Southeastern Brazilian and
Southeastern Australian margins, to assess how much of the
overall margin topography can be explained by our model,
without recourse to post-rifting tectonic “rejuvenation” of
the margins or local structural or lithologic control. Our
approach is therefore to explore how much rifted margin
topography can be explained in a systemic manner and what
aspects would require conjectural explanations.
2. The Numerical Model
[7] The processes acting during and after rifting are
numerous, complex and often interconnected. They include
stretching and faulting in the lithosphere, which will induce
a strong perturbation to its thermal structure. The rift and the
post-rift stages of the margin evolution are affected by
thermal effects, flexure and isostatic compensation that
determine the amplitude and rate of change of surface sub-
sidence and uplift. Concomitantly, surface processes act to
transport mass at the surface of the Earth to create landforms
and also affect the isostatic balance of the lithosphere.
[8] These processes result in a set of competing forces as
shown in Figure 1. Stretching of the lithosphere reshapes the
surface by faulting and alters the flexural isostatic state of
the lithosphere due to horizontal movement of density
interfaces, creating vertical forces related to faulting of the
upper crust (FF) and thinning of the lower crust during
stretching (FS). Stretching also results in advection of
material that perturbs the thermal state of the lithosphere,
which, in turn, changes its density, resulting in vertical
forces, which we name FT. Surface processes also induce
vertical forces in the lithosphere (Fsp) by redistribution of
mass associated with erosion, transport and deposition of
sediments. The flexural response of the lithosphere to these
loads results in vertical movement of the surface wt, per-
turbing the topography and consequently the evolution of
surface processes.
[9] To quantify the complex interactions between these
various processes we have developed a numerical model. In
the following sections, we describe each process in detail
together with its numerical implementation.
2.1. Flexure and Isostasy
[10] To simulate the response of the lithosphere to vertical
loading, we consider regional isostatic compensation using
the thin elastic plate approximation
Lrð ÞTDLrwþ rm  rinð Þgw ¼ F ð1Þ
where w is the vertical displacement of the plate, g is the
acceleration of gravity (Table 1), rm is mantle density, rin is
the density of the material infilling the depressions, F is the
vertical load,
Lrð Þ ¼ ∂
2
∂x2
;
∂2
∂y2
; 2
∂2
∂x∂y
 T
D ¼ D
1 v 0
v 1 0
0 0 1 vð Þ=2
2
4
3
5
D = ETe
3/12[1  v2] is the flexural rigidity of the plate and
depends on Young’s modulus E, the effective elastic thick-
ness Te and Poisson’s ratio v.
[11] The vertical load F is obtained by the summation of
the forces related to thermal effects FT (equation (4)), surface
Figure 1. Interaction between the different processes in the
numerical model to study the evolution of passive margins.
FT, FS, FF and Fsp represent, respectively, the vertical loads
associated with thermal effects, stretching of the lower crust,
faulting in the upper crust and surface processes of erosion
and deposition. wt represents the vertical movement of the
lithosphere.
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processes Fsp (equation (8)) and thinning of the lower crust
FS (equation (5)), as described below.
[12] Equation (1) is solved numerically using the finite
element method; a complete description of this implemen-
tation is given by Sacek and Ussami [2009]. Note that this
finite element formulation can include effects arising from
spatial variations in flexural rigidity.
2.2. Thermal Model
[13] The thermal evolution of the lithosphere is obtained
by solving the three-dimensional heat-transfer equation
rc
∂T
∂t
þ v  rT
 
¼ r  krTð Þ ð2Þ
where T is temperature, r is density, c is heat capacity, k is
conductivity and v = (uadv, vadv, wadv) is the advection
velocity.
[14] The advection velocity v describes the velocity of
rock particles during stretching of the lithosphere. To sim-
ulate the upwelling divergent flow associated with the
divergence of conjugate rift margins and stretching of the
lower part of the lithosphere near the center of the rift, we
assume that v is the solution to the classical corner-flow
problem, which is given by Fletcher et al. [2009]:
uadv ¼ sign xð Þ A2  A4 arctan z∣x∣
 
þ A3∣x∣þ A4zð Þ ∣x∣x2 þ z2
  
wadv ¼  A1 þ A3 arctan z∣x∣
 
þ A3∣x∣þ A4zð Þ zx2 þ z2
  
ð3Þ
where, for the geometry and boundary conditions of our
problem,
A1 ¼ 0;A2 ¼ 2pUz  p
2Ux
p2  4 ; A3 ¼
4Ux  2pUz
p2  4 ; A4 ¼
2pUx  4Uz
p2  4 :
Ux is the half-spreading horizontal velocity at the surface and
Uz is the axial vertical velocity at x = 0, the center of the rift.
[15] Equation (2) is solved using the finite element method
following the formulation of Braun [2003]. The tempera-
tures of the top and bottom of the thermal model are main-
tained at constant values (Table 1).
[16] The vertical load FT associated with any perturbation
of temperature DT from the initial geothermal gradient and
the associated density variation is given by:
FT ¼
Z aL
0
rm aTDT½ gdz ð4Þ
where aT is the thermal expansion coefficient and aL is the
initial thickness of the lithosphere (see Table 1).
2.3. Stretching of the Lithosphere
[17] Stretching of the lithosphere is assumed to be
accommodated by planar faults in the upper crust and ductile
flow in the lower crust and mantle.
[18] Thinning of the lower crust and consequent Moho
uplift is governed by the same advection velocity as used for
the thermal model (equation (3)). The vertical force FS
arising from stretching and thinning of the lower crust is
given by:
FS ¼ rm  rcð ÞgDhcrust ð5Þ
where Dhcrust is the variation of crustal thickness resulting
from the stretching of the lower crust and rc is the density of
the crust.
[19] To simulate movement along faults in the upper crust,
we use the flexural cantilever model of Kusznir et al. [1991].
Although we adopted the flexural cantilever model to
reproduce the flexural response of the upper crust during the
rift, there is no consensus about the predominant rheological
behavior of the upper crust during rifting. Studying the
mechanisms responsible for the development of rift flanks in
the Baikal rift, SE Siberia, van der Beek [1997], for instance,
concluded that plastic behavior of the upper crust is more
important than assumed by the flexural cantilever model. On
the other hand, the flexural cantilever model was success-
fully used to describe the geometry of grabens and crustal
block rotation with wavelengths of a few kilometers, as
observed in many rifted regions [e.g., Kusznir and Ziegler,
1992; van Wees and Cloetingh, 1994; Nadin and Kusznir,
1995; Kusznir et al., 2004].
[20] We therefore introduce an effective elastic thickness
for the upper crust, Te,uc, which does not necessarily coin-
cide with Te, the elastic thickness of the entire lithosphere.
By using two different values for Te, we introduce the pos-
sibility to reproduce the superposition of different flexural
responses to deformation and/or loading, as observed for
example in the East African rift system, where van Wees and
Cloetingh [1994] obtained a value of Te = 3 5 km in trying
Table 1. Fixed Parameters and Their Values Used in the Models
Parameters Description Value
Surface Processes
hs. l. Sea level 0 m
km
∗ Diffusivity for the offshore transport 20 m2/year
h0 Decay factor for the offshore transport 1000 m
Lfs Alluvial erosion length scale 10 km
Lfb Bedrock erosion length scale 100 km
ks/kfvR 10 m
Flexure and Isostasy
E Young’s modulus 1.0  1011 N/m2
g Acceleration of gravity 9.8 m/s2
n Poisson’s ratio 0.25
rm Mantle density 3300 kg/m
3
rc Crust density 2700 kg/m
3
rs Sediment density 2700 kg/m
3
rw Water density 1030 kg/m3
Thermal
aL Initial thickness of the lithosphere 125 km
Surface temperature 0C
Bottom temperature 1300C
k Thermal diffusivity = k/rc 10 6 m2/s
aT Thermal expansion coefficient 3.28  10 5 C1
Kinematic and Geometry
Ux Half-spreading velocity 1 cm/year
Uz Axial velocity 0.5 cm/year
Initial crustal thickness 35 km
Initial upper crustal thickness 12 km
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to reproduce basement geometry with a 3-D flexural model
while Ebinger et al. [1991] obtained Te = 21 km in the same
area fitting gravity data. It is commonly assumed [Burov and
Diament, 1995] that low Te values account for the flexural
behavior of the upper crust, whereas high Te values reflect
the regional response of the subcrustal lithosphere. The use
of two different flexural rigidities for the same region
implies that the upper crust is partly decoupled from the
subcrustal lithosphere by a ductile lower crust. This condi-
tion can be satisfied when the crust is thick and/or has a high
geothermal gradient [Burov and Diament, 1995; Brown and
Phillips, 2000]. From the analysis of yield-strength envel-
opes for different thermal ages and crustal thickness, Burov
and Diament [1995] showed that the lithosphere is practi-
cally always decoupled for crustal thickness > 35 km,
independent of the thermal age of the lithosphere [see Burov
and Diament, 1995, Figure 4b]. The two margins studied in
this work in section 5.2 are developed on relatively thick
crust. Receiver function analysis for Southeastern Brazil
showed crustal thicknesses between 35 and 43 km close to
the coast [Assumpção et al., 2002]. Likewise, Southeastern
Australia presents thick crust from receiver function analy-
sis, between 34 and 52 km [Clitheroe et al., 2000].
[21] In the formulation of Kusznir et al. [1991], extension
of the upper crust is accommodated by planar faults. Con-
sidering an amount of extension Ef of the upper crust
accommodated by a planar fault dipping at an angle q
(Figure 2), the vertical displacement df of the surface relative
to the footwall, in the absence of gravity, is
df ¼ 0 if the point is on the footwallEf  tan q if the point is on the hanging wall

[22] To restore isostatic equilibrium (Figure 2c), a
buoyancy force FF given by
FF ¼ rcgdf ð6Þ
has to be added to the isostatic balance. Assuming that the
upper crust has finite rigidity during faulting, the flexural
response wF of the upper crust to the force FF is given by:
Lrð ÞTDucLrwF þ rcgwF ¼ FF ð7Þ
where Duc is the flexural rigidity of the upper crust, i.e.,
dependent of Te,uc. The final configuration is shown in
Figure 2d.
2.4. Surface Processes
[23] Surface processes are taken into account following
the methodology of Braun and Sambridge [1997]. The main
advantage of this approach, based on an irregular dis-
cretization of surface topography, is that it is possible to
accurately simulate the relative horizontal movement of
crustal blocks at finite rates, i.e., without the loss of short-
wavelength features that is inherent to other approaches
based on interpolation of the topography.
[24] Onshore processes are divided into fluvial and hill-
slope processes. Fluvial processes of erosion, transport and
sedimentation are modeled following the formulation of
Beaumont et al. [1992] where local variations in topography
h are described through a first-order reaction equation:
∂h
∂t
¼  q
eqb
f  qf
Lf
where qf
eqb is the maximum sediment transport capacity,
qf is the sediment flux per unit width [L2T1] and Lf is a
parameter with dimension of [L]. qf
eqb in a channel takes the
following form:
qeqbf ¼ kf qr∣rh∣
where kf is the erosional coefficient due to the fluvial pro-
cess, qr is water discharge and ∣rh∣ is the modulus of
topographic gradient. The water discharge is calculated by
spatially integrating net precipitation rate vR, which is
assumed uniform in space and time for simplicity. There are
different expressions for qf
eqb in the literature, where the
exponents of qr and ∣rh∣ are not equal to one [see Braun,
2006]. We assume that these variations in the value of the
exponents of qr and ∣rh∣ are of secondary importance for
the present work, since the general drainage pattern and the
position of the drainage divides will not be significantly
modified by varying the exponents [see Tucker and
Whipple, 2002, Figure 9].
[25] Hillslope processes are modeled through a linear diffu-
sion equation, assuming that transport is linearly proportional
to slope [see Dietrich et al., 2003, and references therein]:
∂h
∂t
¼ r  kdrhð Þ
Figure 2. Diagram describing the flexural cantilever model
of Kusznir et al. [1991].
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where kd is the coefficient of diffusive transport. van der
Beek and Braun [1998] showed that there is no theoretical
basis for including hillslope diffusion in large spatial-scale
models. In effect the dominant process in the onshore
domain in our numerical simulations is fluvial transport and
the evolution of the landscape is not significantly modified if
we do not include hillslope diffusion. On the other hand, the
incorporation of hillslope diffusion can improve the stability
of the surface-process simulation for different time steps and
grid size, by avoiding exceedingly steep links between grid
cells.
[26] For the offshore transport of sediments we used the
methodology of van Balen et al. [1995], based on the same
principle as for diffusion processes on land, but with a non-
linear diffusion coefficient, km:
∂h
∂t
¼ r  kmrhð Þ
In this simple model, the diffusivity km decreases exponen-
tially with water depth, simulating the decrease in energy
available for sediment transport with increasing water depth:
km ¼ k∗mexp
h hs:l:
h0
 
km∗ is a constant [L
2T1], hs.l. is sea level and h0 is a char-
acteristic length (Table 1).
[27] To compute the vertical load Fsp resulting from a
variation in topography Dh associated with surface pro-
cesses we assume that sediment density, rs, is equal to
crustal rock density, for the sake of simplicity. With this
approximation, we obtain the following relationship:
where rw is water density.
[28] Surface topography is updated by adding the total
vertical displacement wt of the surface to the initial
topography. This displacement is the sum of the components
related to faulting df and the flexural response of the upper
crust and lithosphere, respectively wF and w:
wt ¼ wþ wF þ df :
[29] Note that Dh is the variation of topography related
only to the surface processes of erosion (Dh < 0) and
deposition (Dh > 0). Therefore Dh is independent of the
flexural response of the lithosphere. On the other hand, the
variation in topographyDh induces vertical loads Fsp, which
are regionally compensated by the lithosphere resulting in a
vertical displacement w of the surface.
3. Model Setup
[30] In our model setup, we introduce a series of faults
(Figure 3) dipping toward the center (axis) of the rift, as
observed in most natural settings [Salveson, 1978]. The
number of faults (five in our model) is of little importance;
they are meant to represent distributed brittle deformation.
The faults are activated progressively from I to V, simulating
a widening of the rift zone in the early stages of development
of the rift; they all dip at an angle equal to q = 45 and the
extension per fault is Ef = 4 km, resulting in a fault heave
∣df∣ = Ef  tanq = 4 km. The specific value of q and Ef is not
very important and different combinations of q and Ef can
result in the same fault heave ∣df∣, which is the parameter
that principally controls the flexural response of the upper
crust during faulting in the flexural cantilever model (see
equation (6)). In the lower part of the model, we impose the
velocity field described in equation (3), to accommodate the
relative movement of the lithosphere at a velocity Ux relative
to the axis of the upwelling-divergent flow.
Fsp ¼
rcgDhþ rwgDh if hþDh < hs:l: and h < hs:l:
rcgDhþ rwg hs:l:  hð Þ if hþDh > hs:l: and h < hs:l:
rcgDhþ rwg hþDh hs:l:ð Þ if hþDh < hs:l: and h > hs:l:
rcgDh if hþDh > hs:l: and h > hs:l:
8><
>:
ð8Þ
Figure 3. Scheme showing the relative position of the faults I-V in the upper crust and the upwelling-
divergent flow.
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[31] The initial dimensions of the model are 200 km
(width)  600 km (length), and the mean distance between
the nodes in the surface-processes model is 5 km.
[32] Previous works that did not take into account the
influence of rifting on the evolution of the landscape [e.g.,
Kooi and Beaumont, 1994] concluded that an initial coastal
escarpment adjoining a horizontal or landward-dipping pla-
teau evolves as a retreating escarpment. To assess if this
conclusion is valid when stretching and thinning of the lith-
osphere is considered during the simulation, we use an initial
topography that is similar to that used in other modeling
studies of passive margin escarpments and consists of a
gently landward dipping surface described here by the fol-
lowing expression:
h t ¼ 0ð Þ ¼ 500:0 cos px
8:0 105
 
þ 1500:0 ð9Þ
where x is in meters. In short, the topography decreases
monotonically from 2500 m on the left-hand side of the
model to just below 1150 m on the right-hand side, over a
distance of 600 km.
[33] The values of the model parameters are given in
Table 1. They correspond to commonly accepted values for
most parameters. We vary the value of four model para-
meters: the effective elastic thicknesses of the lithosphere Te
and of the upper crust Te,uc; the erosional parameter kf ; and
the initial position Ludf of the axis of the upwelling-divergent
flow relative to the position of fault V (Figure 3). Note that
the distance Ludf also defines the position of the region of
significant crustal thinning. Thus, moving the initial position
of the axis of the upwelling-divergent flow will in fact
control the offset between the final position of the zone of
lower crustal thinning and the position of the faults. We also
assume that the region where x < Ludf, which, over the
duration of the model, evolves to become significantly
stretched, is characterized by a low effective elastic thick-
ness (Te = Te,uc), simulating a decrease in rigidity due to
rifting. All other parameters have constant values in all
model runs, which are shown in Table 1.
4. Results
[34] We first present the results of a model experiment in
which the initial position of the upwelling flow is close to
the faults (Ludf = 15 km), resulting in thinning of the lower
crust just under the faulted region. The solution is shown in
Figures 4 and 5 as a set of snap shots at 12 time intervals in
the evolution of the model. The other parameters of Model 1
are shown in Table 2.
[35] During the first 1 Myr of the simulation (Figure 4),
the faults I-V are progressively activated and the lithosphere
experiences a total extension of 20 km. After this, the faults
are locked, but the lithosphere on the left-hand side of the
model continues its movement relative to the axis of the
upwelling-divergent flow and, consequently, the lower crust
is thinned as a consequence of stretching. In this simulation,
we assume that continued stretching of the upper crust and
final breakup occur in a position outside the model, to sim-
ulate continued margin formation.
[36] We observe that during stretching of the upper crust
(i.e., active faulting), the region just inland of the active
fault-escarpment experiences subsidence, as indicated by the
open arrows in Figure 4. This subsidence separates the
escarpment from a secondary drainage divide that has
formed landward of the initial escarpment (solid arrows in
Figure 4). This evolution of the topography is a result of the
flexural response to normal faulting and corresponds to the
development of a secondary depression and bulge landward
of the rift axis. The position of this secondary bulge relative
to the escarpment depends on the effective elastic thickness
of the crust. An analytical solution of the flexural cantilever
model [Vening-Meinesz, 1950] exists for a single fault:
w ¼ wmaxe0:701xacos 0:701 xa
 
where x is the relative position to the fault, wmax is the half-
fault heave and
a ¼ D
rc  rinð Þg
 1
4
;
from which the position of the secondary bulge relative to
the fault can be derived (Figure 6a)
x2 ¼ a0:701 
7p
4
:
On land, rin = rair and the expression for a becomes
a ¼ D
rcg
 1
4
:
The analytical solution also gives the difference in elevation
h2 (Figure 6a) between the secondary bulge and the adjacent
secondary depression; its value is 7% of wmax, the maxi-
mum elevation of the primary rift flank. Thus the secondary
depression and adjacent bulge are a logical consequence of
the flexural response to rift faulting. Its amplitude is small
because of the exponential decrease of the amplitude of the
deflection but the difference in height between the secondary
high and low is certainly not negligible. Note that the for-
mation of an inland drainage divide occurs when the initial
topography is sloping landward or is flat. If the initial
topography slopes seaward from a preexisting inland drain-
age divide, the formation of the depression during faulting
will not contribute to the formation of a new inland drainage
divide.
[37] For the value of upper-crustal elastic thickness that
we have chosen (Te,uc = 5 km), the position of the secondary
drainage divide should, theoretically, be at x2 ≈ 111 km.
However, this analytical solution assumes that the preexist-
ing topography is horizontal. For a sloping initial topogra-
phy, the position of the secondary drainage divide can move
by several tens of kilometers, depending on the assumed
initial slope. In our example, with the geometric distribution
of the faults as shown in Figure 3 and the initial topography
described by equation (9), the analytical position of the
second drainage divide is x ′2 ≈ 85 km.
[38] With continued stretching and thinning of the lower
crust, the region seaward of the secondary bulge subsides.
Through the combined effect of erosion and thermal subsi-
dence, the initial escarpment adjacent to the faults rapidly
vanishes (i.e., within 20 Myr after rifting) and the main
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topographic relief that persists through time is the drainage
divide created landward by the formation of the secondary
bulge (Figure 5). Further in the development of the model
run, the region that was occupied by the initial escarpment
continues to be eroded and progressively subsides, finally
crossing the base level and becoming inundated near the end
of the model run.
[39] These processes are summarized in Figure 6b.
Because of its high relief, the coastal escarpment is rapidly
eroded. Incision of the adjacent axial river, located between
Figure 4. Evolution of the rift for Model 1 (Te = 20 km, Te,uc = 5 km, kf vR = 0.003 m/year and
Ludf = 15 km). Topography (bottom scale) is in meters. Axes indicate model coordinates in kilometers.
The light and dark gray regions on the side of the model represent the lower and upper crust, respectively.
The open and solid arrows indicate the position of the flexural depression and the secondary bulge divide,
respectively.
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the coastal escarpment and the secondary bulge, tends to
isolate the coastal escarpment. Moreover, thinning of the
lower crust and cooling of the lithosphere result in subsi-
dence of the margin (vertical grey arrows in Figure 6b), but
with decreasing amplitude landwards. The combination of
rapid erosion of the coastal escarpment and differential
subsidence of the margin favors the emergence of the
secondary bulge and its establishment as the main,
“permanent” drainage-divide escarpment, while the coastal
escarpment progressively disappears. Note that a necessary
Figure 5. Continuation of Figure 4 - Model 1. Topography (bottom scale) is in meters. Axes indicate
model coordinates in kilometers. The light and dark gray regions on the side of the model represent the
lower and upper crust, respectively. The yellow regions on the side of the model represent sediments.
The blue curves represent the shoreline. The black arrows mark the position of fault V. The green lines
mark the zones of mean relief > 300 m (see Figure 8).
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condition for the formation of the secondary divide is that
there is preexisting topography and rifting thus leads to a
base-level drop. If the preexisting elevation was at sea level,
just the initial fault-controlled escarpment will be eroded.
Therefore, the persistence of escarpments requires a preexist-
ing highstanding topography, in accord with previous findings
[Tucker and Slingerland, 1994; Kooi and Beaumont, 1994].
[40] If we displace the initial position of the axis of the
upwelling flow far from the zone of imposed faulting at
Ludf = 115 km (100 km seaward relative to the first
model), the evolution of the margin is dramatically different
(Figure 7, Model 2). In this situation, thinning is almost
insignificant under the faulted region and, consequently, the
ensuing thermal subsidence of the lithosphere in this zone is
negligible. As a result, the initial escarpment created close to
fault V remains the main drainage divide throughout the
numerical experiment. This result clearly demonstrates that,
together with the slope of the pre-rift topography dipping
toward the interior of the continent, the combination of uplift
of the secondary bulge and differential thermal subsidence is
responsible for the migration of the main drainage divide
toward the secondary bulge in the previous experiment.
[41] If we consider the evolution of Model 2 in more
detail, we notice that the high topography related to the
intermediate faults II-IV is progressively eroded away and
the morphological signature of the half-graben structures
disappears. Most of the sedimentation occurs just seaward of
fault I, because it is only in this region of the model that the
lower crust has been sufficiently stretched to produce sub-
sidence and the ensuing accommodation space.
[42] To compare the evolution of relief in both model
experiments, we divided the margin in strips of 5 km, par-
allel to the rift axis, and calculated the mean topographic
relief in each of these. Relief is defined here as the maximum
elevation difference between adjacent nodes. Results are
shown in Figures 5 and 7, where green lines correspond to
strips where mean relief is > 300 m for the first model
experiment (Figure 5) and red lines for the second model
experiment (Figure 7). The regions of high relief are plotted
together in Figure 8, which also shows the analytical posi-
tion of the secondary bulge x′2 for Te,uc = 5 km. Figure 8
summarizes the relief evolution of both models. We
observe that in Model 1 (Ludf = 15 km, green lines) the
high relief of the primary rift flank rapidly vanishes and
another region of high relief (a new escarpment) appears
close to the secondary bulge at x′2, and progressively retreats
toward the interior of the continent. It is interesting to
observe that the region between the primary and secondary
escarpments does not present substantial relief during the
evolution of the margin. The coastal escarpment has not
migrated continuously landward, but a new escarpment has
appeared in the new position. For Model 2, with little
thinning of the lower crust below the initial escarpment
(Ludf = 115 km, red lines in Figure 8) the rift shoulder
remains the main escarpment during the entire simulation
and significantly less escarpment migration takes place than
in the previous model.
[43] To demonstrate further that the position of the
secondary, inland escarpment is controlled by that of the
secondary flexural bulge, we have run a series of experi-
ments in which the erosion rate was artificially reduced (by
decreasing kf vR to 0.001 m/year). In this way, the positions
of the various drainage divides are less perturbed by erosion.
In Figure 9 we present different simulations with reduced
Table 2. Variable Parameters and Their Values Used in the
Models
Te
(km)
Te,uc
(km)
Ludf
(km)
kf vR
(mm/year)
Model 1 20 5 15 3
Model 2 20 5 115 3
Sensitivity models 20,30 5,10 15,65,115 1
Model 3 (dipping landward) 10 5 65 1.5
Model 4 (inland drainage divide) 10 10 65 3
Model 5 (late continental rifting) 20 5 15 3
Figure 6. Graphical representation of the analytical solu-
tion of the flexural cantilever model. In both diagrams, the
vertical axis represents the vertical displacement of the sur-
face due to faulting and the horizontal axis represents the
distance from the fault, assuming that the topography previ-
ous to faulting was flat. (a) wmax is the half-fault heave; x2 is
the distance between the fault and the secondary bulge;
h2 = 0.07wmax is the difference in elevation between the sec-
ondary bulge and the flexural depression. (b) Mechanisms
that reshape the margin after faulting. Open arrows indicate
direction of drainage and the size of the arrows illustrate
the magnitude of erosion. The black dot represents an axial
river, parallel to the fault, between the coastal escarpment
and the secondary bulge. Gray arrows represent the differen-
tial subsidence (decreasing landward) due to thinning of the
lower crust and thermal cooling of the lithosphere.
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erosion. A similar pattern of escarpment evolution is none-
theless observed, as shown in the relief-evolution diagrams.
In every diagram of Figure 9 the model experiments
with Ludf = 15 km (green lines) are characterized by a
secondary escarpment originating very close to the secondary
flexural bulge at x′2, while in the model experiments with
Ludf = 115 km (red lines) the escarpment remains close to
the rift-bounding fault.
[44] The effective elastic thickness of the upper crust Te,uc
clearly controls the initial position of the new escarpment at
the secondary bulge, which is, on the other hand, relatively
insensitive to the effective elastic thickness of the litho-
sphere Te. Te plays a secondary role by controlling the retreat
Figure 7. Evolution of the rift margin for Model 2 (Te = 20 km, Te,uc = 5 km, kf vR = 0.003 m/year and
Ludf = 115 km). Symbols as in Figure 5. Black arrows mark the position of fault V. The red lines mark
the zones of mean relief > 300 m (see Figure 8).
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rate of the escarpment, as indicated by the arrows in
Figure 9: for the same values of Te,uc and Ludf, the retreat rate
is positively correlated with Te. This behavior was also
observed by Kooi and Beaumont [1994] and is related to the
wavelength and amplitude of the flexural isostatic response
of the lithosphere to unloading; escarpment retreat is hin-
dered by efficient isostatic uplift in response to erosional
unloading (i.e., low Te) because this leads to stronger land-
ward tilting of the region adjacent to the escarpment.
[45] In Figure 9 we also show an intermediate model
experiment where Ludf = 65 km (orange lines). In the
model runs with Te,uc = 5 km (Figures 9a and 9b), the
intermediate model also generates an inland escarpment, but
it develops at a later time relative to the model runs with
Ludf = 15 km. Moreover, in this intermediate model run,
high relief close to the fault is preserved for a longer time
than for the model runs with Ludf = 15 km. On the other
hand, the intermediate models with Te,uc = 10 km (Figures 9c
and 9d) do not generate an inland escarpment. This is
because the primary flank uplift, next to the faults, is broader
due to the higher rigidity of the upper crust, and therefore
erodes less efficiently and survives for a longer time as the
main drainage divide.
5. Discussion
5.1. Condition for Migration of the Drainage Divide
[46] As highlighted in the previous section, the primary
condition for long-term preservation of an escarpment is the
pre-existence of topography. This condition is necessary
both in the retreating escarpment scenario and in the pinned
divide one. Taking into account this condition, the present
model provides a new mechanism for the development of an
inland escarpment that retreats only slowly.
[47] The migration of the escarpment from the flank uplift
to the inland position depends on the amount of thinning of
the crust during lithospheric stretching. In Figure 10 we
present crustal stretching factor profiles for the models with
Ludf = 15, 65 and 115 km. In the numerical models,
the formation of the inland escarpment occurred for
Ludf = 15 and 65 km (see Figure 9), which are related to
maximum bcrust values of 1.58 and 1.19 near the flank
uplift, respectively (Figure 10). Therefore, migration of the
escarpment can be produced even for small values of bcrust
and is also promoted by low crustal rigidity (Figure 9).
Note that although the effect seems to be controlled by the
magnitude of crustal stretching near the fault, it is in fact the
lateral variation in the lower crustal thinning parameter,
with bcrust decreasing landwards and producing differential
subsidence of the margin, that plays the fundamental role in
producing lateral displacement of the drainage divide, and
thus of the escarpment, to the secondary bulge position.
5.2. Comparison With Natural Examples
[48] In the following sections we compare our theoretical
results with natural escarpments. We consider two examples,
one from the southeastern Australian Great Escarpment, the
other from the Serra do Mar in southeastern Brazil.
Figure 8. Temporal evolution of the zones with high relief (mean relief > 300 m) for the models illus-
trated in Figures 4 to 7. The black dashed line indicates the position x′2 of the secondary bulge calculated
analytically.
SACEK ET AL.: RIFTING AND ESCARPMENT MIGRATION B04407B04407
11 of 18
5.2.1. Southeastern Highlands of Australia
[49] In Southeastern Australia, the coastal escarpment is
located some 20–50 km from the present-day coastline and
the offshore structure is composed of a narrow sediment-
starved oblique margin [Shaw, 1990]. The coastal escarp-
ment separates the low lying coastal strip from a 600-m high
plateau and forms a local drainage divide. The main drainage
divide of the Southeastern Highlands is located 50–100 km
landward of the coastal escarpment (Figure 11c). Between
the escarpment and the inland drainage divide, several rivers
flow subparallel to the escarpment [e.g., van der Beek and
Braun, 1998, 1999]. van der Beek and Braun [1999] pro-
posed that this morphology is best explained by the exis-
tence of an inland drainage divide predating the rifting
episode, which took place 90–100 Ma, at the present-day
location of the drainage divide and that the escarpment did
not evolve by retreat from the coast to its present-day posi-
tion, but formed in-place by erosion of the coastal areas soon
after rifting. These conclusions are consistent with low-
temperature thermochronology data [Moore et al., 1986;
Dumitru et al., 1991; O’Sullivan et al., 1996; Persano et al.,
2002], although, due to the relatively small amounts of
exhumation experienced along the escarpment, the inter-
pretation of these data remains somewhat equivocal [Braun
and van der Beek, 2004]. A large body of geomorphologic
work has consistently shown that denudation rates are low
and drainage networks of the Southeastern Highlands have
been stable throughout the Cenozoic, excluding significant
post-breakup tectonic modification of the margin (cf. Bishop
and Goldrick [2000] for a review).
[50] There are two ways in which the modeling work
presented here could explain the present-day topography of
southeastern Australia. The first, most obvious interpretation
is to consider that the present-day escarpment formed as the
primary rift flank during rifting and that the inland drainage
divide formed as the secondary bulge, later amplified by
erosion of the coastal areas and the regions between the two
divides, where the rivers run parallel to the escarpment.
[51] As shown in the models with Ludf = 65 km in
Figures 9a and 9b, the inland and the coastal regions of high
relief can coexist for a long time (>100 Myr), with the main
rivers between them running parallel to the escarpment,
producing a morphology that resembles the eastern high-
lands in Australia. Moreover, the distance between the
coastal escarpment and the inland drainage divide of south-
eastern Australia is of the same order as the distance between
the initial escarpment and the secondary bulge in the numer-
ical models.
[52] To better illustrate this point, we ran another model
experiment (Figure 11a, Model 3) for which we used low
Figure 9. Comparison for different numerical simulations of the temporal evolution of the zones with
high relief (mean relief > 300 m) for the models with low erosional rates. The black dashed line indicates
the position x′2 of the secondary bulge calculated analytically. The arrows indicate the retreat of the escarp-
ment for the models with Ludf = 15 km.
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effective elastic thickness values for the lithosphere
(Te = 10 km), which is likely to be applicable for the
southeastern Australian margin, as discussed by Braun and
van der Beek [2004]. After 90 Myr, the numerical model
results present an inland drainage divide that has formed
at the location of the secondary bulge, and an initial
escarpment that has persisted near the coast, similar to the
southeastern Australia escarpment.
Figure 10. Stretching factor of the crust bcrust for different initial position Ludf of the upwelling flow.
Figure 11. Comparison between the numerical model and the southeastern Australian margin. (a) Model 3:
Numerical simulation with initial topography dipping landward. See Table 2 for parameter values used in
this experiment. (b) Model 4: Numerical simulation with an initial inland drainage divide. (c) Digital ele-
vation model of southeastern Australia, showing the coastal escarpment (CE) and the inland drainage
divide (IDD).
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[53] However, this scenario is inconsistent with the
observations on two points: first, the present-day escarpment
is clearly erosional rather than tectonic in origin [e.g., Bishop
and Goldrick, 2000, and references therein], but in our
numerical model the escarpment is associated with the rift
flank adjacent to the main basin-bounding fault and has
retreated only a short distance. Second, the main drainage
divide appears to be an old feature that has been in place at
least since the onset of rifting. The SE Australian drainage
divide is associated with a strongly negative Bouguer
anomaly [Young, 1989], implying a thick crust under this
region that isostatically sustains the high topography.
Although the timing of crustal thickening is not known, it
is possibly related to Paleozoic active-margin tectonics
[Lambeck and Stephenson, 1986; van der Beek et al., 1999]
or crustal thickening due to underplating during rifting
[Lister et al., 1986].
[54] The second, more likely interpretation is to follow the
suggestion made by Lambeck and Stephenson [1986] and
van der Beek and Braun [1999], who consider the main
inland divide to be a pre-existing feature. We thus propose
that a pre-existing inland drainage divide combined with
rift-related flank uplift can produce the double drainage
divide observed in Southeastern Australia. Furthermore,
the peripheral subsidence created during rift-flank uplift
(Figure 6) can enhance the double drainage divide pattern,
separating the inland drainage divide and the rift flank. To
illustrate this idea, we designed a new model that considers
an initial inland divide; the evolution of this model is shown
in Figure 11b. In this model, after the faulting stage, the rift
flank retreats 60 km landward, approaching the inland
divide. Note that in this case the permanence of the
landward-retreating rift flank through time results from the
low stretching factor of the crust under the rift flank during
and after rifting. While the rift flank retreats landward, the
inland divide remains at roughly the same position through
time. The uplift of the rift flank and the peripheral subsi-
dence locally change the drainage pattern and promote
rivers flowing parallel to the inland divide and the retreating
rift flank in the region between the two (Figure 11b, at
90 Myr). The model of Figure 11b combines two models
studied by van der Beek and Braun [1999] who analyzed
separately the effect of rift-flank uplift and a pre-existing
seaward-sloping plateau on landscape evolution. They con-
cluded that only the latter can produce the double drainage
divide configuration as observed in Southeastern Australia,
but only for very small values of the dip of the plateau
(<0.1%). Combining both models, it is possible to explain
the double drainage divide pattern in Southeastern Aus-
tralia without requiring a very specific initial topographic
configuration.
[55] It is important to note that in the model of Figure 11a,
the formation of the post-rift inland divide at the secondary
bulge occurs because the pre-rift topography dips landward.
We observed that in the case of pre-existing inland divide
(Figure 11b, Model 4) with the topography dipping seaward,
the secondary bulge does not evolve to a new drainage
divide but is gradually eroded.
5.2.2. Serra do Mar, Southeastern Brazil
[56] The Serra do Mar consists of a set of escarpments that
run parallel to the coast of southeastern Brazil for nearly
1000 km and locally reach up to 2 km elevation [Mohriak
et al., 2008]. Located offshore of the Serra do Mar, the
Santos and Campos basins are predominantly developed on
thinned continental crust. An important feature of the
basement under the Santos and Campos basins is the
Cretaceous hinge zone (Figures 12b and 12c) that marks a
strong variation in basement dip and represents the western
limit of Cretaceous sedimentation in the offshore basins
[Karner, 2000]. Furthermore, this hinge zone appears to
coincide with the western limit of significant crustal thin-
ning [Karner, 2000]. Mohriak et al. [2008] proposed that
the present-day Serra do Mar is the result of the retreat of an
escarpment that formed initially at the Cretaceous hinge
zone, resulting in a retreat distance of 172–247 km.
[57] According to the predictions of our models, the thin-
ning of the crust under the offshore portion of southeastern
Brazil makes retreat of the present-day escarpment from its
original position at the hinge line quite unlikely. It appears
much more plausible that the present-day main drainage
divide was created as a secondary flexural bulge that per-
sisted through time (see Figure 5). These results agree with
the conclusions of Hiruma et al. [2010], who suggest that
the Bocaina Plateau, the highest part of the Serra do Mar,
corresponds to a preserved inland drainage divide. The dis-
tance between the escarpment and the initial rift shoulder in
the numerical model of Figure 5 is nearly 170 km, of the
same order as the distance from the present-day Serra do
Mar to the Cretaceous hinge zone (Figure 12c).
[58] Furthermore, the final configuration of the basement
predicted by our model beneath the original rift shoulder is
similar to that of the hinge zone in the offshore region of the
Santos basin. In Figure 12a we show the stratigraphic pattern
predicted by our numerical model (Figure 5). In this model
the rift shoulder is eroded and subsides due to post-rift
thermal cooling of the lithosphere and the sedimentary load
of the margin. The subsidence of the coastal area creates
accommodation space filled by sediments at a later time.
After 50 Myr of evolution in our model (the green line in
Figure 12a) the region landward of the hinge line subsides
and preserves a substantial sedimentary package, similar to
the post-Cretaceous sedimentation in the Santos basin
(Figure 12b). The load of the margin also favors the migra-
tion of the drainage divide to the secondary bulge, since it
imposes a seaward tilt, similar to the differential subsidence
due to thinning of the lower crust.
[59] During the Cenozoic, the Southeastern Brazilian
margin was affected by renewed continental rifting
[Riccomini et al., 2004] that produced a series of basins
parallel to the coast. Rifting also resulted in the isolation of
the Serra do Mar escarpments and the formation of the
inland escarpment of the Serra da Mantiqueira (Figure 12c).
[60] To verify the potential effect of late continental rifting
on the evolution of the escarpment system, we developed a
new simulation (Model 5) presented in Figure 13 (see
Table 2). Like in Model 1, stretching of the lithosphere and
thinning of the lower crust under the rift flank result in the
development of an inland drainage divide on the secondary
bulge that evolves into the new escarpment, while the rift
flank escarpment disappears due to the combined effects of
erosion and subsidence (Figure 13a).
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Figure 12. (a) Stratigraphic pattern predicted by Model 1 (Figure 4 and 5) at the end of the simulation
(120 Myr). The lines are in intervals of 10 Myr. The green line marks the stratigraphic unit at 50 Myr after
the initiation of the rift. The blue box represents the region equivalent to the interpreted seismic section
in Figure 12b. (b) Seismic section crossing the Santos basin. The arrow indicates the position of the
Cretaceous hinge line. Black curves: basement; yellow curves: top of pre-salt sediments (120 Ma);
red curves: top of salt (112 Ma); green curves: top of the Cretaceous sediments (65.5 Ma); blue
curves: post-Cretaceous sediments. Modified from Assine et al. [2008] with permission. (c) Topography
and bathymetry of Southeastern Brazil. The thick black curve shows the position of the hinge line based
on Assine et al. [2008]. I and II indicate the Serra do Mar and Serra da Mantiqueira escarpments. The
white line represents the geographic position of the seismic section shown in Figure 12b.
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[61] At 70 Myr, we introduce the gradual formation of a
40-km-wide graben, in a position landward of the escarp-
ment as indicated in Figure 13b. The development of the
graben occurs during 1 Myr, and the rate of uplift close to
the flanks of the faults is ∂wmax/∂t = 1 km/Myr. These faults
isolate the oceanward escarpment and create a new one in a
landward position (Figure 13c).
[62] After formation of the graben, the erosion and flex-
ural response of the lithosphere continue to modify the
landscape. 50 Myr after the graben formation (Figure 13d),
both escarpments persist as prominent topographic features
with more than 1500 m relief, representing local drainage
divides and resembling the Serra do Mar and Serra da
Mantiqueira escarpments.
[63] This result shows that Cenozoic rifting does not affect
the conclusions of the present work about the evolution of
the Serra do Mar. A physical explanation for the persistence
of the Serra do Mar after the Cenozoic rifting is that this
tectonism did not result in sufficient thinning of the crust to
produce a regional subsidence of the continent.
6. Conclusions
[64] The main contribution of this work is the develop-
ment of a numerical model for rifted margin evolution that
takes both onshore and offshore dynamics into account,
thereby providing a self-consistent explanation for pinned-
divide formation. This work confirms earlier suggestions
that long-term preservation of an escarpment requires a high
pre-existing plateau to have been present. Our model shows
how the combination of flexural response of the crust to
faulting during rifting and differential subsidence of the
margin can produce an inland drainage divide that persists
through time since the onset of rifting and does not evolve
from the rift shoulder as a retreating escarpment.
Figure 13. Evolution of Model 5 where the margin is affected by late-stage rifting at 70 Myr. Symbols as
in Figure 5. (a) Model at 20 Myr, showing the escarpment formed on the secondary bulge, like in Model 1.
(b) Model at 70 Myr, when the margin starts to be affected by the formation of a graben, as indicated. The
faults of the graben are active during 70–71 Myr. (c) Model at 80 Myr, presenting the double escarpment
pattern after the creation of the graben. (d) Model at 120 Myr, showing that the two escarpments persist
through time, resembling the Serra do Mar and Serra da Mantiqueira escarpments in Southeastern Brazil.
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[65] We have observed that the formation of an inland
drainage divide is directly controlled by the thinning pattern
of the crust during rifting. The position of the drainage
divide developed on the secondary bulge is controlled by
the rigidity of the crust during rifting, while the rigidity of
the entire lithosphere plays a secondary role, controlling the
retreat rate of the new escarpment.
[66] These concepts can potentially clarify the under-
standing of the formation of the double drainage divide
pattern observed in Southeastern Australia and can explain
the present-day position of the Serra do Mar escarpment in
Brazil relative to the Cretaceous hinge zone in the offshore
basins. They provide, in both cases, a systematic explanation
for the particular topographic patterns observed, without
requiring recourse to conjectural post-rift reactivation of the
margins.
[67] The ideas proposed here can be further tested by
studying in greater details the distribution of extension
(b maps) in passive margins and how it relates to escarpment
geometry and position. In particular, accurate measurements
of crustal thickness from the continent toward the stretched
margin and using the equivalent b values to predict the
topography of the margin would allow to better constrain the
model (Figure 10). The model presented here can also be
confronted with thermochronological data, which provide
constraints on the timing of erosion in the coastal regions.
However, as demonstrated by Braun and van der Beek
[2004], the resolving power of this approach might be
hindered by the relatively low amounts of exhumation
experienced by many passive margins.
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